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h i g h l i g h t s
 Pseudomonas gessardii LZ-E degrades naphthalene and reduces Cr(VI) simultaneously.
 Naphthalene degradation promoted Cr(VI) reduction in strain LZ-E.
 Naphthalene degradation intermediates can reduce Cr(VI).
 Strain LZ-E was able to remediate naphthalene and Cr(VI) in an aerated bioreactor.a r t i c l e i n f o
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Combined pollution remediationa b s t r a c t
Combined pollutants with polycyclic aromatic hydrocarbons (PAHs) and heavy metals have been identi-
fied as toxic and unmanageable contaminates. In this work, Pseudomonas gessardii strain LZ-E isolated
from wastewater discharge site of a petrochemical company degrades naphthalene and reduces Cr(VI)
simultaneously. 95% of 10 mg L1 Cr(VI) was reduced to Cr(III) while 77% of 800 mg L1 naphthalene
was degraded when strain LZ-E was incubated in BH medium for 48 h. Furthermore, naphthalene pro-
motes Cr(VI) reduction in strain LZ-E as catechol and phthalic acid produced in naphthalene degradation
are able to reduce Cr(VI) abiotically. An aerated bioreactor system was setup to test strain LZ-E’s reme-
diation ability. Strain LZ-E continuously remediated naphthalene and Cr(VI) at rates of 15 mg L1 h1 and
0.20 mg L1 h1 of 800 mg L1 naphthalene and 10 mg L1 Cr(VI) addition with eight batches in 16 days.
In summary, strain LZ-E is a potential applicant for combined pollution remediation.
 2016 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
With the rapid development of global industrialization, com-
bined pollutions were increasingly released to environments dur-
ing the past few decades which contaminate water, air and soil
(Yang et al., 2015a). It is estimated that combined pollutants con-
tributed to about 3% of the annual life lost in 2010 (Lim et al.,
2013). Combined pollutants are by-products of industries such as
power, pesticide factory, electroplating, paints, petroleum refining
and metal smelting usually contain sulphur oxides, nitric oxides,
pesticides, polychlorinated biphenyls (PCBs), PAHs and heavy met-
als (Sun et al., 2014). Heavy metals and PAHs are the most abun-
dant, noxious and incontrollable contaminates among combinedpollutants (Safahieh et al., 2014). There are several studies have
demonstrated that the combination of heavy metals and PAHs
can build up great threat to vegetation, soil microbes and human
health because both can cause mutagenicity, teratogenic and car-
cinogenic effects on organisms (Balachandran et al., 2012;
Moscoso et al., 2012). Several techniques have been applied for
combined pollutants remediation including chemical oxidation,
ion exchange and electroplating methods (Desai et al., 2008).
Chemical methods will produce secondary wastes which are also
hazardous material while phytoextraction method requires fairly
long time (Sun et al., 2014). Therefore, a cost effective and eco-
friendly approach is still needed for combined pollutants
remediation.
Microbial remediation has advantages over physicochemical
methods because it can decompose or mineralize hazardous pollu-
tants into less harmful or non-toxic compounds with better safety
and less environment disturbance (Kumar et al., 2011). Microbes
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2012; Yang et al., 2015b). PAHs are consists of two or more fused
aromatic rings in various structural configurations which are con-
sider to be more recalcitrant due to their hydrophobicity and low
solubility in water (Zeng et al., 2010). Naphthalene, as the simplest
homologue in the polycyclic series, has been a model compound
for the study of the microbial metabolic pathway of more complex
PAHs (Patel et al., 2012). Several reports revealed that various
microorganisms use naphthalene as source of carbon and energy,
including Pseudomonas (Zhou et al., 2013) and Rhodococcus
(Andreoni et al., 2000). Chromium is a prior pollutant among heavy
metals (Desai et al., 2008). Cr(VI)–reducing bacteria reduce Cr(VI)
to less soluble and nontoxic Cr (III) which can be easily precipitated
in water system as Cr(OH)3 (Zheng et al., 2015).
Though microbes are able to reduce heavy metals and PAHs
separately, there are limitations on microbial remediation of com-
bined pollutants. According to previous studies, heavy metals have
negative impact on organic compounds biodegradation (Ibarrolaza
et al., 2009). Cr(VI) is toxic to microbial community which inhibits
the biodegradation of organic pollutants in co-contaminated sites
(Said and Lewis, 1991). Therefore, current microbial approach is
not effective (Ibarrolaza et al., 2009). Several researchers have
investigated using of microbial consortia, consisting of heavy
metal-reducing and organic contaminants-degrading bacteria,
which seems to be a feasible solution to remediate combined pol-
lutions (Muñoz et al., 2006). However, the ratio of strains in con-
sortia is critical to remediation efficiency (Desai et al., 2009).
Previous study showed the rates of naphthalene degradation and
Cr(VI) reduction would be decreased as the ratio of Bacillus and
Sphingomonas has been altered (Shen et al., 1996). Therefore, a sin-
gle strain that can degrade PAHs and reduce heavy metals might be
an ideal solution for combined pollutions remediation. Lanzhou
reach of the Yellow River has been heavily polluted with organic
compounds and heavy metals since 1950 s. Microorganisms adapt-
ing to the contaminated environment can remediate combined
pollutions (Zhang et al., 2013). The main objective of present study
is to isolate microbes that are able to degrade naphthalene and
reduce Cr(VI) simultaneously and explore combined pollution
remediation perspectives.Table 1
Primers used in the study.
Primers Description or sequence
Primers used for qRT–PCR
LZ-E16S 50-GAACACCAGTGGCGAAGG-30/50-CGTTTACGGCGTGGACTA-30
nahAa 50-CGATGGTTGAAGCGTTGT-3/50-GCATAAATATGTTCGGGTGATA-30
nahAb 50-TCTACGCTACCGACAACC-30/50-AACCGACCTTGATGCAAG-30
nahAc 50-TGGGGTTGAAAGAAGTCG-30/50-GCGTCACCCAGATAGTCC-302. Methods
2.1. Sample collection
The sampling site is located in the west of Lanzhou city near the
upper reach of the Yellow River contaminated by discharge of
wastewater from some petrochemical corporations. It is situated
at 3606 North latitudes and 10339 East longitudes. The soil sam-
ples were collected from 15 cm beneath surface with pH
6.65 ± 0.013 and stored in sterile aluminum boxes at 4 C prior to
screen.nahAd 50-GATTCTTCGTTTCTTCAATT-30/50-ACGGTAAGCCTGAATGTC-30
nahB 50-AGCGCCGGTTTCGACAAA-30/50-CGTCTTCGGGCTTGGCTG-30
nahC 50-ATCACTCCATTGCTTTTGG-30/50-TGTTGGTGCGTGTATCCC-30
nahD 50-CAGCCCGACCACCTACCT-30/50-GAAGACGCCGCCAAGCAG-30
nahE 50-GAGACTGCCCGCATAGTTG-30/50-TTTCATCCCAGGTCAACG-30
nahF 50-CTGTCGTCGGGCGTATTT-30/50-CGGTCGAACCGTTGATGT-30
nahG 50-TGACGGCCATATCCTCACTTT-30/50-GTTCGGCTTCGGCTCACTA-30
nahH 50-CAGGGCCGTGTCTATCTG-30/50-CACCTTGAAACCCATGAAA-30
nahI 50-TGCCGAAAGCCTGGTGATC-30/50CGACTGCCTGCTGGTAATAGCT-30
nahJ 50-GCCCATCGCCCAGTTGTA-30/50-CGACATGGCCTCACTGACTT-30
nahK 50GCCGATCTACGGCTTCCTC-30/5-GATTTCCGCCTCGATCTTTG-30
nahL 50-CGAAATCGCCTTCATCCTCA-30/50-ACAGGGCATCACGCACTCG-30
nahM 50-GCCAAGCTGATGGAAAGC-30/50-GCAGGAGGCCGATTTTCT-30
nahN 50-CGTCGCTGCACAGCTCCTC-30/50-CTCCGTTCCGAGTGGATTGA-30
nahO 50-CTCCGTTCCGAGTGGATTGA-30/50-GCCTTCGGCTGTGGTCTTC-30
nahR 50-CCCTTCGGTCTGAGCGTCTT-30/50-GCGAGGTCCTGGTGGTATTT-302.2. Chemicals and media
Naphthalene, salicylic acid, catechol and phthalic acid were
purchased from Aladdin Chemistry Co. Ltd. The purity is higher
than 99%. A High Performance Liquid Chromatograph (HPLC Agi-
lent, Germany) was used to measure the concentration of naphtha-
lene. Luria-Bertani (LB) media (tryptone 10.0 g, yeast extract 5.0 g
and NaCl 10 g L1) and Bushnell Haas (BH) mineral salt medium
consist of 5.0 g NaCl, 1.0 g NH4NO3, 1.0 g K2HPO4, 1.0 g KH2PO4,
0.5 g MgSO4, 0.2 g CaCl2, and 0.05 g FeCl3 per liter, pH was adjusted
to 7.0 with NaOH. The solid medium was prepared as above with
1.5% agar powder.2.3. Strain enrichment, isolation and identification
1 g of the soil sample was inoculated with 100 ml BH liquid
medium and served 100 mg L1 naphthalene as the sole carbon
and energy source and 25 mg L1 Cr(VI). Since naphthalene has
low solubility in water, it was dissolved in dichloromethane and
then added to media. The similar treatment was also applied in
previous studies (Patel et al., 2012). The flasks were inoculated in
a rotary shaker (180 rpm) at 28 C for 7 days, then changed into
second and third new BH medium with naphthalene and Cr(VI)
each for 7 days. The final enrichment was plated onto BH agar
plates, and sprayed the same naphthalene and Cr(VI) for another
7 days. The process repeated for three times, pure strains were iso-
lated from the sample and used to determine naphthalene degra-
dation and Cr(VI) reduction ability.
16S rRNA gene sequence analysis and Vitek system were done
to test the physiological features of isolated strain. The 16S rRNA
gene was amplified using the universal bacterial specific primers:
27F/1492R (listed in Table 1). The 50 ll PCR reaction system con-
tained 1 ll 27F and 1 ll 1492R (20 lmol L1), 0.3 ll Taq DNA poly-
merase (2.5 U ll1) (TIANGEN Inc., China), 5 ll 10  PCR buffer,
4 ll deoxynucleoside triphosphate (2.5 mmol L1), 2 ll Total DNA
and 36.7 ll H2O. PCR amplification was performed. The PCR pro-
duct was purified using TaKaRa purified kit and sequenced (BGI,
China). The sequence was analyzed using the sequences were ana-
lyzed at NCBI (http://www.ncbi.nlm.nih.gov/) database and
EzTaxon (http://www.ezbiocloud.net/eztaxon) database to identify
the most related microorganisms. Phylogenetic trees were built by
MEGA 5 and illustrated with tree view program.2.4. Determination of naphthalene degradation and Cr(VI) reduction
Biodegradation experiments were carried out in 250 mL Erlen-
meyer flasks with 100 mL BH media, adding different concentra-
tions of naphthalene as sole carbon source (100 mg L1,
400 mg L1, 800 mg L1, 1200 mg L1, 1800 mg L1, 2400 mg L1)
and Cr(VI) (10 mg L1, 25 mg L1, 52 mg L1). Strain LZ-E was first
incubated with LB media in test tube when OD600nm reached 0.6
and then washed by 0.85% NaCl twice. 1 ml bacterial cultures
was added into each flask and incubated for 48 h in a rotary shaker
(180 rpm) at 28 C. The optimal naphthalene and Cr(VI) concentra-
tion was chosen for strain LZ-E’s growth and biodegradation with
Fig. 1. Schematic diagram of the aerated bioreactor setup used in this study.
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optimal concentration was conducted in flasks, growth of strain
LZ-E was measured on absorbance (at 600nm) at regular time inter-
vals, cell-free supernatants were collected after centrifuging at
10,000g for 1 min to determine Cr(VI) concentration using 1,5-
diphenylcarbazide (DPC) methods at 540 nm measured by UV/
VIS spectrophotometer (Thacker et al., 2007) and centrifuged at
8000g 10 min to measure naphthalene degradation. Washed cells
experiment was determined in the end of the incubation, cells
were centrifuged and washed with 1 M HCl for 30 min, Cr(VI) bro-
ken from cells was measured using DPC method. The supernatants
were oxidized to Cr(VI) by adding AgNO3 and Na2S2O3 to titration
and measured Cr(VI). The residual naphthalene was extracted from
the media and filtered through 0.2 lm membrane filter before
measuring naphthalene concentration. Naphthalene and
metabolites produced in naphthalene degradation were deter-
mined by HPLC (Agilent, Germany) using a ZORBAX SB-C18
(16 mm  150 mm), with an elute of 40% methyl alcohol, 1% glacial
acetic acid and 59% water at a flow rate of 1.0 ml/min. The injection
volume and total run time was 20 lL and 5 min, respectively. The
wavelength in the fluorescence detector for detection of naph-
thalene was set at 270 nm. The retention time of naphthalene, sal-
icylic acid, catechol and phthalic acid were 1.6 ± 0.1 min,
0.6 ± 0.1 min, 3.2 ± 0.1 min and 3.8 ± 0.1 min respectively. Then
the metabolites produced in naphthalene degradation were used
to determine the Cr(VI)with BH medium in 48 h. All the experi-
ments were performed in triplicate and the error bars represent
standard error.
2.5. Identification of naphthalene pathway
The naphthalene catabolic genes and Cr(VI) reduction genes
were obtained from Pseudomonas genus recorded in the NCBI data-
base and primers were designed (Table 1). The genomic DNA of
strain LZ-E was used as a template. PCR amplification was per-
formed as described above. PCR products were examined by 1%
agarose gel electrophoresis and sequencing.
2.5.1. Quantitative real-time PCR (qRT-PCR) analysis
Strain LZ-E was incubated in glucose, glucose/Cr(VI) and naph-
thalene/Cr(VI). The concentrations of glucose, Cr(VI) and naph-
thalene were 1800 mg L1, 10 mg L1 and 800 mg L1,
respectively. 10 ml cultures were centrifuged, and the cell pellets
were washed twice with sterile ddH2O. Total RNA was extracted
using SV Total RNA Isolation Kit (Promega Cooperation, USA). Rev-
erse transcription was performed with PrimeScriptTM164 RT
reagent Kit (TaKaRa BIO INC, Japan). qRT-PCR was carried out to
evaluate the genes expression level involved in naphthalene degra-
dation and Cr(VI) reduction. qRT-PCR reaction system included 5 ll
SYBE green PCR Master Mix, 0.8 ll primers (10 mM), 0.8 ll cDNA
(100 ng ll1), added sterile ddH2O to a final volume of 20 ll, and
the primers were listed in (Table 1). The qRT-PCR was performed
as follows: initial warm-up course at 95 C for 10 min, followed
by 40 cycles (15 s denaturation at 95 C, 30 s annealing at 58 C
and 30 s elongation at 72 C). 16S rRNA was amplified as
comparison.
2.6. Aerated bioreactor setup
This research was carried out in lab-scale aerated bioreactor
and setup was shown in (Fig. 1). The industrial wastewater was
prepared according to a petrochemical corporation wastewater,
the rate of chemistry oxygen demand (COD), nitrogen and phos-
phorus was 200:5:1. The COD was used glucose as needed. Other
composition contained (g/l) 9.55 g NH4Cl, 2.81 g K2HPO4, 3.284 g
MgSO4, 0.28 g FeCl24H2O, 0.2 g CaCl22H2O, 0.3 g MgCl26H2O,0.0006 g CuCl22H2O, 0.001 g ZnCl2, 0.001 g H3BO3, 0.01 g MnCl2
4H2O, 0.001 g CoCl26H2O, 0.0002 g NaMoO42H2O, 0.001 g NiCl2
6H2O (Nagadomi et al., 2000). Several pilots used as carriers were
conducted to test the ability to carry the highest yield. Porous
ceramics were washed by ddH2O and oven dried. Strain LZ-E was
inoculated at 180 rpm in 1 L conical flasks with 400 mL in LB med-
ium. Ceramics were used as carriers to immobilize strain LZ-E. The
sterile ceramics were added into flasks as adsorption carriers and
incubated three days at 180 rpm. The LB medium was changed
three times to absorb more bacteria. The porous ceramics were
washed by sterile 0.85% saline repeatedly until the saline became
clear. Ceramic-microorganisms adsorptive carriers were added
into reactors. Batch culture was adopted and aerated reactors were
operated at 28 C and 8 mg L1 dissolved oxygen with the help of
an aeration pump following method described by Yoo et al.
(1999). 800 mg L1 naphthalene and 10 mg L1 Cr(VI) were also
added to the modulated waste water. Naphthalene and Cr(VI) were
added as same as the initial concentration in eight batches. The
concentrations of naphthalene and Cr(VI) were determined in
every 6 h as methods described above at each batch. Each reactor
was set up in triplicate and lasted for 16 days.3. Results and discussion
3.1. Isolation and identification of Pseudomonas gessardii strain LZ-E
Twenty-one bacterial strains were isolated from collected sam-
ples of a petrochemical corporation for the ability of using naph-
thalene as sole carbon source and Cr(VI) resistance. A strain
which can simultaneously grow in presence of naphthalene and
Cr(VI) was selected for further study. 16S rRNA sequencing showed
that strain LZ-E has 98% similarity to P. gessardii (GenBank Acces-
sion: KM453980) (Fig. 2). Vitek analysis data also confirmed that
strain LZ-E is closely related to Pseudomonas genus (Table 2). Thus
the isolated strain was identified as a pseudomonas strain and
named P. gessardii LZ-E. The optimal growth condition for strain
LZ-E is 28 C and pH 7.0 (data not shown). Strain LZ-E can grow
using 100 mg L1 or higher naphthalene as sole carbon source
while the minimum inhibition concentration (MIC) of Cr(VI) is
52 mg L1. The optimal growth of strain LZ-E was observed when
naphthalene and Cr(VI) concentration were 800 mg L1 and
10 mg L1 respectively. Naphthalene degradation and Cr(VI) reduc-
tion rate were determined after 48 h incubation. The highest naph-
thalene degradation rate was 12.35 mg L1 h1 and Cr(VI)
Fig. 2. Phylogenetic tree derived from 16S rRNA sequences showing the relationships between P. gessardii LZ-E and other related species belonging to the genus Pseudomonas
constructed using neighbor-joining methods.
Table 2
The biochemical phenotypes of strain LZ-E on VITEK system.
Biochemical details
2 APPA  3 ADO  4 PyrA +
10 H2S  11 BNAG  12 AGLTp 
17 BGLU  18 dMAL  19 dMAN 
23 ProA + 26 LIP  27 PLE 
33 SAC  34 dTAG  35 dTRE 
40 ILATk + 41 AGLU  42 SUCT 
46 GlyA  47 ODC  48 LDC 
58 O129R  59 GGAA  61 IML Ta
5 IARL  7 dCEL  64 lLATa 
13 dGLU + 14 GGT  9 BGAL 
20 dMNE  21 BXYL  15 OFF 
29 TyrA  31 URE  22 BAlap 
43 NAGA  37 MNT  32 dSOR 
53 IHISa  44 AGAL  45 PHOS 
62 ELLM  56 CMT  57 BGUR 
*‘‘+” and ‘‘” represent whether the strain can utilize the substrate or not.
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(VI) concentration of 800 mg L1 and 10 mg L1 respectively
(Fig. 3). This data indicates that strain LZ-E is an efficient
naphthalene-degrading and Cr(VI)-reducing strain.
Previous studies showed that Pseudomonas strains can degrade
naphthalene. P. aeruginosa DV-AL2 and P. putida BAB241 bacterial
strains were capable to degrade 42% and 60% naphthalene at initial
concentration of 500 mg L1 within 24 h (Patel et al., 2012). Other
Pseudomonas sp. CZ2 and CZ5 degraded 61.8% and 64.3% of naph-
thalene at initial concentration of 1000 mg L1 within 48 h while
tolerated as increasing the concentration of naphthalene to
2000 mg L1 (Zhou et al., 2013). Some Pseudomonas strains were
reported to reduce Cr(VI). P. aeruginosa was capable to reduce Cr
(VI) from 40 mg L1 to about 18 mg L1 in 72 h while strains
growth was observed inhibited as increasing Cr(VI) concentration
up to 80 mg L1 (Desai et al., 2008; Xu et al., 2009) and Pseu-
domonas sp. strain was observed to reduce 95% of 50 mg L1 Cr
(VI) within 120 h (Wani and Ayoola, 2015). However, none of the
strains can simultaneously degrade naphthalene and reduce Cr
(VI) like strain LZ-E. Therefore, strain LZ-E might have a novel sys-
tem to remediate naphthalene and Cr(VI) simultaneously.3.2. Naphthalene degradation and Cr(VI) reduction of strain LZ-E
Strain LZ-E was grown in BH medium with 10 mg L1 Cr(VI) and
800 mg L1 naphthalene as sole carbon source. The OD600nm
reached 0.56 after 36 h incubation while OD600nm was 0.97 after
24 h when using glucose as carbon source. These results indicated
that strain LZ-E prefers glucose as carbon source. However, Strain
LZ-E decreased 99% of 10 mg L1 Cr(VI) when using naphthalene
as carbon source while only 40% Cr(VI) was decreased with glucose
(Fig. 4A). 95% of the trivalent chromium in the supernatant was
oxidized to Cr(VI) after incubation in presence of naphthalene
within 108 h and Cr(VI) was 37% absorbed when using glucose as
carbon source. The results indicated that Cr(VI) was reduced by
strain LZ-E with naphthalene as carbon source while absorbed with
glucose (Fig. 4C). These data suggested that naphthalene promotes
Cr(VI) reduction in strain LZ-E. Meanwhile, HPLC data showed that
strain LZ-E degraded 98% naphthalene (800 mg L1) in the absence
and presence of 10 mg L1 Cr(VI) in BH medium within 108 h as
shown in (Fig. 4B). The results showed that Cr(VI) has no effects
on naphthalene degradation.
Previous study reported that glucose can be the proper carbon
source for Cr(VI) reduction for bacterial strains (Pal and Paul,
2004). P. aeruginosa strain was observed to reduce 72% 10 mg L1
Cr(VI) in the presence of glucose (Kang et al., 2014). However,
strain LZ-E can decrease 99% 10 mg L1 Cr(VI) when using naph-
thalene as carbon source which is higher than using glucose.
According to earlier studies, none documented Pseudomonas
strains can use naphthalene as carbon source to reduce Cr(VI).
These results suggested that Cr(VI) reduction system is associated
with naphthalene degradation pathway in strain LZ-E.
3.3. Mechanism of simultaneous naphthalene degradation and Cr(VI)
reduction in strain LZ-E
In order to investigate the mechanism of simultaneous naph-
thalene degradation and Cr(VI) reduction in strain LZ-E, we
screened LZ-E’s genome for known Cr(VI) reductases including
chrR, YieF, NsfA, Trx (Li and Krumholz, 2009; Zheng et al., 2015).
The results revealed that strain LZ-E has no known Cr(VI) reduc-
tases in its genome (data not shown). It is in agreement that strain
LZ-E can’t reduce Cr(VI) efficiently when grown with glucose. On
Fig. 3. Effect of different initial naphthalene concentration (100–2400 mg L1) and Cr(VI) concentration of (10, 25, 40 mg L1) on the growth profile (A) and Cr(VI) reduction
(B) and naphthalene degradation (C) of P. gessardii LZ-E in BH media for 48 h. Values are means ± SD (error bars) for three replicates.
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dation pathway. Naphthalene degradation pathway in Pseu-
domonas spp. was well studied (Bosch et al., 1999). Nah
AaAbAcAdBFCEDGR proteins are responsible for naphthalene
degradation to salicylic acid; Nah HINLOMKJ proteins are liable
for salicylic acid to acetyl-CoA (Dennis and Zylstra, 2004). All nah
genes in strain LZ-E were amplified, sequenced and uploaded to
NCBI database as shown in (Table 3). The qRT-PCR tests were per-
formed to study the expressions of nah genes in strain LZ-E under
different conditions. The expressions of nah AaAbAcAdBFCEDGR
genes were up regulated at 5  20-fold after treated with naph-
thalene, while the expressions of Nah HINLOMKJ genes were up
regulated about 4  8-fold (Table 4). These results suggested that
these genes are involved in naphthalene degradation in strain LZ-
E. Cr(VI) treatment had no effect on these genes expression in pres-
ence of naphthalene (Data not shown) which also confirms that Cr
(VI) has no effects on naphthalene degradation in strain LZ-E.
Our present results suggested that strain LZ-E has no specific
chromate reductases and Cr(VI) reduction is elevated when using
naphthalene as carbon source. Therefore, naphthalene degradation
intermediates might be able to reduce Cr(VI). Current data revealedthat naphthalene degradation pathway is through naphthalene to
salicylate then to catechol in strain LZ-E. HPLC data have also iden-
tified the presence of salicylic acid, catechol and phthalic acid
when strain LZ-E grown with naphthalene (Fig. 5A). All the inter-
mediates were tested if they can reduce Cr(VI). Results showed
that catechol and phthalic acid can reduce Cr(VI) to Cr(III) abioti-
cally (Fig. 5B).
Catechol is a key intermediate product which generated
through biodegradation of naphthalene was detected by Pseu-
domonas sp. (Pawar et al., 2013). Similarly catechol amines were
also stated to react with Cr(VI) (Pattison et al., 2001). Organic com-
pounds such as phenol degradation were coupled with Cr(VI)
reduction. During the process, phenol was used as carbon source
and completely degraded to HCO3 and H2O, as well as it was used
as electron donors for Cr(VI) reduction (Song et al., 2009). These
results confirm that catechol and phthalic acid can react with Cr
(VI) abiotically.
Previous studies showed that several Pseudomonas strains were
able to degrade naphthalene via naphthalene pathway such as P.
putida AK5 and ND6 which generate catechol and phthalic acid
(Izmalkova et al., 2013; Li et al., 2012). However, none of them
Fig. 4. Growth curve of P. gessardii LZ-E incubated with BH culture within 108 h adding glucose and Cr(VI) (j), naphthalene and Cr(VI) (d) (A); Cr(VI) reduction when adding
glucose (h) and naphthalene (s); Growth curve of P. gessardii LZ-E incubated with BH culture within 108 h adding naphthalene (j), naphthalene and Cr(VI) (d), degradation
of naphthalene when adding naphthalene (h), naphthalene and Cr(VI) (s) (B). Cr(VI) concentration determined at 0 h (j), 108 h (h) and cells broken using HCl ( ) and
trivalent chromium ( ) oxidized to Cr(VI) by strain LZ-E in glucose (G) and naphthalene (N) as carbon source after 108 h (C). Values are means ± SD (error bars) for triplicates.
Table 3
Putative function of genes involved in naphthalene degradation.
Gene Putative function Nucleotide blast identity (%) Gene bank ID
nahAa Naphthalene 1,2-dioxygenase ferredoxin 100 –
nahAb Naphthalene 1,2-dioxygenase subunit 100 KP997273
nahAc Naphthalene 1,2-dioxygenase subunit alpha 100 KP997274
nahAd Naphthalene1,2-dioxygenase iron sulfur protein component small subunit 100 KP997275
nahB 1,2-dihydroxy-1,2-dihydronaphthalene dehydrogenase 99 KP997276
nahC 1,2-dihydroxynaphthalene dioxygenase 100 KP997277
nahD 2-hydroxychromene-2-carboxylate isomerase 100 KP997278
nahE Trans-O-hydroxybenzylidenepyruvate hydratase-aldolase 100 KP997279
nahF Salicylaldehyde dehydrogenase 99 KP997280
nahG Salicylate hydroxylase 100 KP997281
nahH Metapyrocatechase 100 –
nahI 2-hydroxymuconicsemialdehyde dehydrogenase 100 KP997282
nahL 2-oxypent-4-enoate hydratase 100 KP997285
nahJ 4-oxalocrotonate tautomerase 100 KP997283
nahK 2-oxo-3-hexenedioate decarboxylase 100 KP997284
nahM 4-hydroxy 2-oxovalerate aldolase 100 KP997286
nahN 2-hydroxymuconic semialdehyde hydrolase 100 KP997287
nahO Acetaldehyde dehydrogenase 100 KP997288
nahR HTH-type transcriptional activator 100 KP997289
H. Huang et al. / Bioresource Technology 207 (2016) 370–378 375was reported to be able to reduce Cr(VI) simultaneously. In our
study, strain LZ-E can resist 52 mg L1 concentration of Cr(VI)
which is much higher than other Pseudomonas strains. This maybe the reason that strain LZ-E is able to reduce Cr(VI) using naph-
thalene degradation intermediates while other strains can’t. Even
other strains can produce catechol and phthalic acid during naph-
Table 4
Relative expression of genes involved in naphthalene
degradation.
Genes Relative expression folds
nahAa 17.50865
nahAb 13.95244
nahAc 10.51392
nahAd 7.427055
nahB 6.254861
nahC 4.923077
nahD 6.178265
nahE 5.852632
nahF 8.506173
nahG 8.088652
nahH 8.896057
nahI 5.174455
nahJ 8.207541
nahK 7.991266
nahL 5.964444
nahM 7.822289
nahN 4.761305
nahO 8.656442
nahR 8.283088
Fig. 5. HPLC chromatogram of intermediates produced in naphthalene degradation by P.
Salicylate acid, catechol, phthalic acid produced in naphthalene degradation were dete
means ± SD(error bars) for triplicates.
376 H. Huang et al. / Bioresource Technology 207 (2016) 370–378thalene degradation, while they can’t tolerate Cr(VI) which
resulted in failure of simultaneous remediation of naphthalene
and Cr(VI). In summary, unlike other naphthalene-degrading
strains, strain LZ-E has high Cr(VI) resistance ability that make it
is able to remediate naphthalene and Cr(VI) simultaneously.3.4. Continuous remediation of naphthalene and Cr(VI) by Strain LZ-E
in an aerated bioreactor
Present studies showed that strain LZ-E simultaneously
degrades naphthalene and reduces Cr(VI) which might be an ideal
applicant for combined pollution remediation, then an aerated
bioreactor system was setup to test strain LZ-E’s application abil-
ity. Several pilots were conducted and ceramics is the best carrier
which was chosen for further study (data not shown). As strain LZ-
E has the most efficient naphthalene degradation and Cr(VI) reduc-
tion at 800 mg L1 naphthalene and 10 mg L1 Cr(VI) concentra-
tion, so artificial wastewater with 800 mg L1 naphthalene and
10 mg L1 Cr(VI) was added to the bioreactor system. When naph-
thalene and Cr(VI) were remediated, the reactor was treated withgessardii LZ-E. E1: salicylic acid, E2: naphthalene, E3: catechol, E4: phthalic acid (A).
rmined to react with 10 mg L1 Cr(VI) with BH medium abiotically (B). Values are
Fig. 6. Naphthalene degradation (s) and Cr(VI) reduction (j) of P. gessardii LZ-E in aeration bioreactor.
H. Huang et al. / Bioresource Technology 207 (2016) 370–378 377the same condition of naphthalene and Cr(VI). Both naphthalene
and Cr(VI) concentration were measured in every 6 h. The bioreac-
tor was kept running for 8 batches in 16 days. The results showed
that the removal rates of naphthalene and Cr(VI) reached to about
98% and 99% for 48 h of each batch. Strain LZ-E was able to contin-
uously remediate naphthalene and Cr(VI) at rates of 15 mg L1 h1
and 0.20 mg L1 h1 in all batches (Fig. 6). The present finding sug-
gested that immobilized strain LZ-E maintain high efficiency of
removing naphthalene and Cr(VI) was operated in bioreactor sys-
tem continuously for 16 days and the removal rates were similar
in all eight batches. After 16 days operation, the remediation abil-
ity of strain LZ-E was still maintained at high efficiency. These
results indicate that bioreactor using strain LZ-E can efficiently
remediate combined pollutions for a long period.
Consortia of some microorganisms were widely used to remove
the combined pollution. The consortium DV-AL (Pseudomonas AL2,
Pseudomonas BAB241) were just operative for 48 h to degrade
naphthalene in the presence of petroleum hydrocarbons and heavy
metals (Patel et al., 2012). Consortium bacterial community con-
sisted of Alcaligene sp., Bacillus sp., Stenotrophomona sp. and Entero-
coccu sp. were studied for simultaneous bioremediation
efficiencies of Cr(VI) and azo dye in a continuous bioreactor sys-
tem, while Alcaligenes sp. and Bacillus sp. dominated consortium
bacterial community during the active continuous bioremediation
process (Desai et al., 2009). Our results showed single strain biore-
actor system has certain advantages over microbial consortium
system such as long time efficiency and low maintenance cost. P.
gessardii strain LZ-E is the first reported strain which had high effi-
ciency of naphthalene and Cr(VI) for long time in aerated bioreac-
tor. Therefore, strain LZ-E might be a good candidate for combined
pollution remediation.4. Conclusions
A novel P. gessardii strain LZ-E was isolated from contaminated
discharge wastewater of petrochemical corporations capable to
reduce Cr(VI) and degrade naphthalene. The obtained results
reported for the first time that naphthalene degradation can pro-
mote Cr(VI) reduction in P. gessardii LZ-E as catechol and phthalic
acid produced in naphthalene degradation are able to reduce Cr
(VI). It is strongly recommended that P. gessardii strain LZ-E is anexcellent single strain used in aerated bioreactor as most applicant
for PAHs and heavy metals remediation.
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